The human genome is comprised of DNA molecules whose total contour length is on the order of 1 m. These molecules are efficiently packed as chromatin within eukaryotic cell nuclei of only a few microns in diameter, primarily through protein-bound complexes called nucleosomes. Such complexes consist of approximately 147 base-pairs (bps) of DNA encircling a disk-like protein (the histone core). Negatively charged DNA experiences a strong electrostatic attraction to the positively charged histone surface. Protein-bound sites along DNA present barriers to transcription; thus, their positioning is a crucial element in the regulation of cellular function for all eukaryotic species [1] [2] [3] . In spite of being central to biology, the molecular cues that determine nucleosome binding are not fully understood [4, 6] . Experimental evidence produced over the last few years suggests that nucleosome preference is directly encoded by DNA [5, 7, 8, 12] . Different sequence motifs possess unique structural properties-intrinsic curvature, minor groove dimensions, and local flexibility-that render them more or less favorable for protein binding and nucleosome formation.
Recent studies of these structural properties have considered them individually, and several views exist of the physical origins of nucleosome positioning. One such view assumes that sequence effects on nucleosome formation can be distilled into physical variables, such as intrinsic curvature and associated deformation penalties [13] [14] [15] [16] [17] . This approach has been used to explain both in vitro affinity data and in vivo nucleosome positioning maps [9, [13] [14] [15] [16] . Another view attributes nucleosome affinity to the double helix's minor groove width profile [10, 18, 19] ; DNA segments that exhibit narrower minor grooves at protein contacts are thought to bind more robustly to histone residues via enhanced electrostatic attractions. A third view assumes that local mechanical flexibility dictates nucleosome formation, with DNA molecular shape or curvature being unimportant. Base stacking and "bendability" analyses from this approach lead to a simple and elegant nucleosome positioning template [11] . The seemingly disparate origins, assumptions and relative successes of these hypotheses have often been at odds, and a unified description of nucleosome positioning that reconciles different views is sorely missing. A comprehensive molecular-level analysis of nucleosome positioning that includes curvature, local mechanical flexibility, and electrostatic interactions, has never been pursued.
In this Letter, we reconcile these differing hypotheses and determine the dominant mechanism for sequencedependent nucleosome formation. We do so by relying on a detailed model of DNA [20] and the proteins [21] (cf. Fig. 1a) . By incorporating the DNA properties relevant to each hypothesis into a single model [namely (1) sequence-dependent flexibility, (2) sequence-dependent intrinsic curvature and (3) sequence-dependent minor groove widths and protein-DNA electrostatics [24] ] we identify the structural properties most critical to nucleosome formation. The free energies associated with histone binding are extracted from purely molecular information, and are emergent properties of the model. To the best of our knowledge, the results presented here constitute the only available predictions of the Helmholtz free energy of a nucleosome complex and, as such, they serve to dissect the relative contributions of different interactions into the overall assembly process. Our results indicate that DNA's shape -encoded through its sequence -is a dominant factor in determining a sequence's nucleosome affinity, with local mechanical flexibility playing a secondary role. We show that sequence-dependent minor groove width works in concert with intrinsic curvature to dictate molecular interactions and, depending on the intrinsic curvature of a particular sequence, binding can be dominated by bending energy or by electrostatic energy.
The sequences whose nucleosome affinities are calculated here are taken from published experimental data [7, 12, 23] , and are given partially in Fig. 1c and, in greater detail, in the Supplementary Material (SM) [24] . Reference sequences c1, d1 and TG are chosen to facilitate comparisons to experimental data -c2 and c3 are compared to c1 [7] , d2 and d3 are compared to d1 [7] , and TGRC, TG-T, TGGA1, EXAT, and IAT are compared to TG [12, 23] (sequence names are consistent with those in the original publications). Thermodynamic Integration [25] is employed to determine the difference in nucleosome formation free energy, ∆∆A, between a DNA sequence and its reference sequence. Larger positive values of ∆∆A are indicative of weaker affinity of a DNA sequence for the histone. Model predictions for relative nucleosome affinity, shown in Fig. 2a and tabulated in Table S2 , are in agreement with experiment (P < 0.002, N = 9), serving to establish the validity of the nucleosome model. Note that free energies reported in the figure are on the order of several k B T , and represent a delicate balance between bending, torsion, van der Waals, and electrostatic contributions to the free energy.
Experiments have established that specific motifs, spaced apart by the pitch of double-stranded DNA (∼10 bps), direct binding through orientational preferences in nucleosome-bound DNA [26] . For example, the strongest positioning sequences in Refs. 7 and 12 possess TArich motifs flanking GC-rich sequences at ∼10 bp intervals (Fig. 1c) . Alternating TA-rich/GC-rich patterns observed by earlier studies result in alternating regions of narrow and wide minor groove widths, respectively [19] . This is consistent with recent analyses that positively charged protein residues (lysine, histidine, arginine) interact favorably with strongly negatively charged pockets created by the phosphates in a narrow minor groove [10, 18, 19] . An additional effect of periodic narrow minor grooves is a net curvature on the shape of the DNA (Fig. 1b) .
Metadynamics simulations [27] using the minor groove orientation at these TA-rich motifs as an order parameter (S ROT ) permit direct examination of the thermodynamic forces that drive orientational preference. The order parameter (S ROT ) is defined as
where B is a vector from the center of a given base step on the sense strand to its complementary base step on the anti-sense strand, P is a vector from the center of these two base steps to the center of the protein, and the angle brackets denote an average over base steps at the -15, -5, +5 and +15 positions relative to the dyad (cf. (a) Coarse-graining scheme and representative nucleosome configuration. DNA is modeled using three sites per nucleotide [20] ; the histone is represented with one site per amino acid, located at the center-of-mass of the sidechain [21] . Nucleosomal configurations are obtained by mapping our coarse model onto the 1KX5 crystal structure [22] and then performing molecular dynamics. Note that 1KX5 is only used to provide an initial condition; no information from 1KX5 is encoded into our model. (b) MinimumEnergy structure of c1, c2, c3, d1, d2, and d3 DNA sequences used in study. Differences in DNA sequence result in large variations of intrinsic curvature. A sequence with no curvature is shown for reference. (c) Sequences used in study (as represented in Ref. 7) . Red blocks denote TA nucleotides which are known to enhance DNA orientational preference.
the minor groove is oriented toward the protein core, and when S ROT = π/2, it is oriented away from it. Fig. 2b shows the effect of modifying the number of TA-rich motifs on DNA orientational preference for a subset of the sequences in Fig. 2a . Sequences c1, c2, and c3, which possess TA-rich motifs separated by ∼10 bps, orient the minor groove toward the protein core at these motifs, as indicated by the free energy minima at S ROT ∼ −π/2. Furthermore, the strength of this preference is determined by the number of favorable positioning motifs; the number of TA-rich motifs and the corresponding depth of the rotational orientation free energy minima are arranged as c2 > c3 > c1, consistent with their relative affinities for nucleosome formation. This trend is also apparent in d1, d2, and d3, which progressively purge TA motifs (Fig. S5) .
Why, then, do specific sequence motifs enhance the orientational preference? We address this question by analyzing the three proposed mechanisms for nucleosome for- mation: intrinsic curvature, minor groove dimension and local flexibility. As alluded to earlier, an important consequence of sequence motifs that favor nucleosome formations is the enhanced intrinsic curvature of the DNA molecule. Fig. 3a shows the intrinsic curvature, A 0 f , of each sequence we study here, and demonstrates that a correlation exists between nucleosome binding affinity and increasing intrinsic curvature. This result is understood through the deformation penalty incurred by nucleosomal DNA, related to its deviation from the unbound equilibrium configuration [9] ; sequences with greater intrinsic curvature are believed to require less deformation to bind to the histone core than more intrinsically straight sequences.
A second important consequence of motif spacing is the narrowing of the minor groove's at locations facing the histone protein. The width of a minor groove is believed to be inversely proportional to the strength of its interaction with positively charged residues on the histone surface [10] . Fig. 3b shows, for sequences TG, TG-T, and TRGC, the minor groove width profiles (and the corresponding Fourier transformed intensity) from direct molecular simulations of the bulk sequences using 3SPN.2C. In particular, the minor grooves in TG (∆∆A = 0 kJ/mol) are significantly narrower than those in TG-T (∆∆A = 17.4 kJ/mol). Note that sequence TG also exhibits the strongest periodicity at 10 bps, which matches the pitch of DNA and optimizes favorable electrostatic interactions with the protein core, as described above. TRGC also exhibits 10 bp periodicity, and its minor grooves are narrower than those of TG [12] . To compare all sequences, ∆∆A values were calculated for both c1 and d1 relative to TG; sequences c1-c3 and d1-d3 are omitted from the experimental points due a lack of analogous experimental data. (M GW rel < 0). Its binding affinity, however, is notably weaker than that of TG (∆∆A = 12.1 kJ/mol). As we will soon demonstrate, analysis of minor groove dimensions alone is insufficient to explain differences in affinity between certain sequences (e.g. TG and TRGC).
A third hypothesis posits that nucleosome formation is guided by the local flexibility of DNA. To test this hypothesis, it is instructive to introduce two variations of our model (Fig. 4a) . The first, labeled "S" for "straight", assigns sequence-dependent flexibility to a sequence-independent shape specified by ideal B-form DNA, with no sequence-dependent curvature. That is, model "S" is intrinsically straight, regardless of the underlying sequence (e.g. black molecule in Fig. 1b) . The second, labeled "H" for "homogeneous", maps sequenceagnostic energy parameters onto a sequence-dependent equilibrium shape. That is, model "H" possesses identical shape to the full 3SPN.2C model, but all bonded and non-bonded interactions are the same, regardless of the underlying sequence [24] . Nucleosomal configurations for the "H" and "S" models were obtained as described in Fig. 1a , and were found to be stable for all sequences [24] .
Repeating the analysis of Fig. 2a , we calculate the binding affinity of DNA sequences using the "S" and "H" models (Fig. 4b) . The results are compelling: model "H" is consistent with experimental nucleosome formation free energies (as is the full model, labeled "A" for "all", reproduced from Fig. 2a) . Model "S" on the other hand, exhibits an opposite trend. These findings reveal the equilibrium shape of the unbound DNA molecule as the dominant factor determining nucleosomal sequence affinity, with the underlying mechanical properties that drive local flexibility, base stacking, base pairing, and cross stacking playing a secondary role.
Having shown that DNA shape is of central importance, we now seek to decouple the two remaining hypotheses: Is the intrinsic curvature, or are the favorable minor groove dimensions most important in nucleosome formation? To do this, we use the "A" and "S" models to examine the balance between bending energy and electrostatic energy for different sequences. Specifically, energetic contributions to the free energy as a function of S ROT are separated into DNA-deformation (i.e. the penalty required to bend the DNA into the nucleosomal superhelix), U D , and DNA-Protein interaction (which is primarily electrostatic), U P , for each sequence in our study. The corresponding averages are defined as U i = U i (S ROT )P (S ROT ) dS ROT , where i ∈ {D, P }, P (S ROT ) = e −βA(SROT) /Q, Q is a normalizing factor, and A(S ROT ) is the free energy of the full model (cf. Fig. 2b) for the given sequence. The primary quantity of interest is U The dominant mechanism depends dramatically on the sequence examined. In one regime, DNA-Protein interactions dominate (∆U ′ > 0) and thus DNA-protein contacts (as mediated by minor groove width) are most critical. In the other, DNA-Deformation interactions are most important (∆U ′ < 0). Further, we demonstrate that the regime of relevance is strongly tied to the curvature of the sequence. This result reconciles the successes of both the minor groove width and intrinsic curvature hypotheses. For sequences with low intrinsic curvature, subtle deviations in DNA shape are sufficient to present minor grooves in the optimal manner to the histone protein, thereby dictating sequence-affinity. For sequences with higher curvature, it is instead the intrinsiccurvature of the DNA that imparts preferential positioning. Thus both intrinsic curvature and minor groove dimensions play a critical role in nucleosome formation.
Our results reconcile prevailing viewpoints in the literature, often appearing to be conflictive, which state alternately that intrinsic curvature drives nucleosome affinity [9, 15, 16] , or that it is driven by variations in minor groove width and associated electrostatic interactions that depend on the underlying sequence [10, 18, 19, 26] . By relying on a coarse-grained but realistic representation of the nucleosome complex, we have been able to generate high-precision estimates of the free energy of binding. Analysis of those free energies show that, depending on a sequence's curvature, binding is dominated by bending penalties or by electrostatic interactions. We have also demonstrated that these characteristics of DNA work hand-in-hand to dictate nucleosome affinity and that the local, sequence-dependent flexibility of the DNA molecule plays a minor role. These connections emerge naturally from an accurate description of the underlying molecular interactions at the relevant length scales. Further, we have provided a mechanistic explanation for the role of sequence in dictating histone binding preference. Our results demonstrate that not only does DNA shape produce these phenomena, but accurate shape alone is a necessary and sufficient component to describe histone binding affinities. Our results are important beyond the problem of nucleosome positioning; indeed there are many instances of DNA-protein interactions in which the shape of the DNA molecule is a critical component. Better understanding the role of DNA shape in molecular recognition will enable rational design of effective DNAbinding elements for use in therapeutic devices and genetic engineering.
